A sonoreactor was assembled with stacked lead zirconate titanate transducers. These transducers were attached on one side of a 10 × 10 × 10 cm 3 chamber and driven by an integrated circuit power amplifier. The impedance of the reactor was analyzed in order to determine a matching inductance. The electrical frequency could be varied from 20 to 50 kHz and the electrical output power was adjustable up to 65 W. The highest power was obtained in the case of resonance at 31 kHz and the maximum temperature at the heat sink of the amplifier rose to 42.0
Introduction
Ultrasound has widely been implemented with either high frequency or high power. The ultrasonic characterization for non-destructive testing and imaging usually employs a low power signal with frequency up to 70 MHz. By contrast, the power of order of 10 W is generally required in ultrasonic cleaning (Saikia et al., 2014) dyeing (Guesmi et al., 2013) , food processing (Kentish, Feng, 2014) , natural product extraction (Esclapez et al., 2011) , microbial cell disruption (Borthwick et al., 2005) , acoustic cavitation (Khmelev et al., 2015) and sonochemistry (Son et al., 2012) . Moreover, applications of power exceeding 100 W are common in biodegradation (Zawieja, Wolny, 2011) and alloy treatment (Shao et al., 2012) . During the sonication, molecules and materials in liquid media receive power transfer from both mechanical vibration and acoustic cavitation mechanisms. With only moderate temperature rise in the media, these mechanical and sonochemical effects benefit several processes.
In the case of high acoustic power demand, the design of a sonoreactor has to be optimized for maximum ultrasonic power and minimum loss. Geometrical factors including the size and shape of reactors were experimentally investigated (Nikitenko et Since the power dissipated in the sonoreactor is dependent on the electrical power supplied to the ultrasonic transducer, attentions should be paid to the transducer circuit. To drive these transducers, the impedance tuning circuit is often employed to amplify the low power signal from the function generator. In this work, a sonoreactor with adjustable frequency and power has been assembled and its electrical characteristics including the incurred heat were studied. The main propose of this sonoreactor is to sonochemically synthesize ZnO (Pholnak et al., 2014) but its application can be extended with the knowledge of its characteristics. Figure 1 illustrates the installation of dual stack transducers at one side of a cubic chamber. The 10 × 10 × 10 cm 3 chamber was made by folding a 1 mm thick stainless steel sheet. The transducers were 2 lead zirconate titanate (PZT, Chanel Industries, USA) disks of 7 cm in diameter and 1 cm in thickness. They were placed into the annular acrylics and covered by 2 electrodes, one of which was grounded and the other was the source electrode. With this horizontally irradiated configuration, more transducers can further be added at other sides and an external heat source may be supplied at the base. By stacking the transducers, the moderate power can be used efficiently (Kim et al., 2014) . Furthermore, the compact size of this system selected to match the dimensions of PZT transducers and standard heat source reduces the power loss (Jordens et al., 2013) .
Experimental

Sonoreactor
The electrical impedance of this sonoreactor was investigated by using an impedance analyzer (Hewlett Packard, HP4912A). In Fig. 2 , the measured electrical impedance exhibits a large variation in response to the change in frequency between 20 and 50 kHz. The peak impedance of 2.25 kΩ is observed at 42 kHz. By either increasing or decreasing this frequency, the impedance rapidly drops. The impedance becomes the minimum and is close to zero when the frequency is around 30.5 kHz. The phase angle is plotted as a function of the frequency on the same scale in Fig. 2 to explain the variation of impedance. The minimum impedance occurs when the phase angle is nearly zero.
Power amplification topology
An inductor was connected to the stack transducers so that the electrical loss during the operation of the sonoreactor could be minimized at the resonance condition of the RLC circuit. The value of matching inductance can be calculated at the resonant frequency (f r ) as follows;
where L is the inductance and C is the capacitance of the sonoreactor. The latter was determined from the impedance at 30.5 kHz in Fig. 2 as 18 .8 nF. It follows that the L was 1.5 mH. The matching inductor was then made by winding 200 turns of laminated copper wires on a 10 cm-diameter PVC air core. In order to adjust both frequency and power for different demands, the power amplification topology shown in Fig. 3 was selected rather than the switching mode power source. The integrated circuit (IC) (Sanyo Electric, STK4048II) was used as the amplifier. The advantages of this wide-bandwidth power amplifier IC are its simplicity, low price and relatively low internal power loss. An enhanced output signal was supplied to the RLC equivalent circuit incorporating the 18.8-nF stacked transducers, the 0.2-Ω resistor and the 1.5-mH inductor.
System setting
The system in Fig. 4 comprises the sonoreactor with dual stack transducers, a matching inductor, a power amplifying module and a function generator (Agilent 33220A). The frequency of signal for this circuit was regulated from 20 to 50 kHz by the function generator. A digital multimeter (Agilent 34401A) was used as an ammeter to measure the input current. The waveform and voltage drop across the transducer as well as the RLC circuit were monitored by the oscilloscope (GW Instek GDS-2204) and the electrical current was measured by a digital multimeter. The power output was then calculated from the product of measured current and voltage drop. During the operation, the temperature of the power amplifying module was also measured. 
Results and discussion
The resonant frequency around 30 kHz is confirmed by measuring the voltage drop across the transducer as a function of the frequency. When a constant 10 mV input is used, the peak voltage of 3500 mV is obtained at 31 kHz and the curve in Fig. 5 shares similar characteristics with that in Fig. 2 . The determination of resonant frequency has to be very precise and thus, the frequency in Fig. 5 was finely scanned to detect the peak position. The resonant frequency was also confirmed by independent impedance and phase measurements in Fig. 2 . The peak in Fig. 5 occurs at the frequency comparable (less than ±1 KHz) to the condition with phase and impedance close to zero. To a lesser extent, the uncertainty in resonant frequency also arises from the uncertainty in L and C quantities. To utilize the maximize power available in this system, the characteristics of the sonoreactor at the resonant frequency is further investigated. By varying the input voltage between 200 and 3000 mV (with the deviation of ±40 µV), the electrical power output is increased from 4 up to 65 W with the total harmonic distortion (THD) of less than 0.5%. The plot of power output against input voltage in Fig. 6 exhibit 3 trends meaning that the linear variation is observed in 3 regimes. Beyond the first regime (I) of less than 10 W, the power output is sharply increased in the middle regime (II) whose slope is the highest and equivalent to 40 W/V. Since the cavitation is initiated above 20 W with observable bubbles, this low frequency ultrasonic device will be useful for sonochemical synthesis and ultrasonic cleaning. However, its size may limit its use for commercial ultrasonic dyeing and food processing Figure 7 demonstrates the change in heat sink temperature of the IC as the operation is progressed. To obtain the testing power of 60 W, the circuit was gradually adjusted in a period over 10 s. By that time, the temperature had reached 30.0
• C which was marked as a starting temperature with the measurement de- 
Conclusions
A cost effective low frequency sonication system was developed with the 18.8-nF dual stack transducers treated as a part of the RLC circuit. The signal was then enhanced by the power amplifying module. The resonant frequency of the sonoreactor was at 30.5 kHz. At the resonance, the electrical power from the amplifier can be supplied to the reactor with the maximum of 65 W and high stability. This compact system is capable of working with different variations of ultrasonic transducer between 20 and 50 kHz.
